
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD270501

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
and their contractors;
Administrative/Operational Use; JAN 1962. Other
requests shall be referred to Air Force
Engineering Development Center, Arnold AFB, TN.

usaedc ltr 17 sep 1975



,,, ,& 

" :< : " #  .; " , . :~!: .  ~!.I'~:L:::i, U N O L A ~ F i l ~ D . ' 7  '<7- !." " ,  .L::' '" 

TDR 6-2-~qo~ " ' + : *  . . . . . .  < -  +-+ " AEDC- - . . -+~.~ :,<:k.+, ~ l . , ~  > "  SER CN ,,+'+ ' ' + 

-'::+ , UNCI095 o-PDC A 1 

j : ' : ;  

1 7 : ' - ~ . .  ~, 

<.',- 7? : 

, - .  - 

Jo#n + G. Dawson, Jr. 
Rocket Test' Facility: 

ARO, Inc: 
. . "  . " 

':. ,~-. • .. • , : 

TECHNICAL DOCUMENTARY NO. AEDC-TDR'62-9 

<, . :  , ; . , f - .  : - .  ' . .  ~ . . '  " " - . ",c.. . - . : ~ . / , , ~ .  - ~ . :  , : . ~ + - . + r  ~ ,  ~ .  ~ " , .  : . o  . t ' . , ,~ 

. . . . .  / .  , ,... • . " . , .  i'.~-. " . .~  ' - - i ,  ~ '  ~ : '  "::'~ • " " "  ' "  " 

l 

January 1962 C~p~;,e.t~ ~. ~.~ 
AEDC Te~nicai Librarg 

',i~,~..i. ,, : "  .:, . . . . .  - ~  

AFSC Program Area 921E, Project 9018 

(Prepared under Contract No. AF 40(600).800 S/A 24(61.73) by ARO, Inc., 
c o n t r o c t  o p e r a t o r  o f  A E O C ,  A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n . )  

ARNOLD ENGINEERING DEVELOPMENT CENTER 

AIR FORCE SYSTEMS C O M M A N D  
UNITED STATES AIR FORCE 

T~G,,,ili'il~ L,ii,~i,~RY 

l ye . .  , . . 

TE CL,.,TtCA.~ REPORT~ 
F~E CO£'£ 

UNCLASSIFIED 

i '  • r_ , . : +  

. • - . . . ]  • 

, . . . . . . .  . . : ,  o~,provedJor~ubllCreleas.~,_,/," J , / _ ~ /  / / 2  . " 

::7:!~::AN INVESTIGATION OFBASE HEATING ON 
!II:IA '5.47'PERCEltT-scALE ~ MODELI SATURN SA-1 

OOSTER AFTERBODY AT MACH NUMBERSi.63 AND 3.07 



"L 

NOTICES 
I Qualified requesters "may obtain copies of this repart from ASTIA. ] 

Orders will be expedited if placed through the librarian or other staff / member designated to request and receive documents from ASTIA. 

When Government drawings, specifications or other data are used for any purpose 
other than in connection with a definitely related Government procurement operation, 
the United States Government thereby incurs no responsibility no~ any obligation 
whatsoever; and the fact that the Government may have formulated, furnished, or in 
any way supplied the said drawings, specifications, or other data, is not to be 
regarded by implication or otherwise as in any manner licensing the holder or any 
other person or corporation, or conveying any rights or permission to manufacture, 
use, or sell any patented invention that may in any way be related thereto. 

ASTIA RELEASE TO OTS IS 
NOT AUTHOIIIZED 



A EDC-TDR-62-9 

AN INVESTIGATION OF BASE HEATING ON 

A 5 . 4 7 - P E R C E N T - S C A L E  MODEL SATURN SA-1 

BOOSTER AFTERBODY AT MACH NUMBERS 1.63 AND 3.07 

I hLs c~c.~-:.,',::. ~ ~pr°vc~ i°r r)ubli¢ relea§e'~'~" s ~ c ~ '  
• ' its clislnbution s unlimilecl. • . .  / - - -z~, - ,v , -  ; , - - ~ ~ "  

By 

John  G. Dawson,  J r .  

Rocket  Tes t  F a c i l i t y  

ARO, Inc.  

a s u b s i d i a r y  of Sve rd rup  and P a r c e l ,  Inc.  

J a n u a r y  1962 

AF-  AE~  
Ame l~  A~  

ARO P r o j e c t  No. 114108 



AEDC-TDR-6~9 

A B S T R A C T  

An i n v e s t i g a t i o n  was  conducted  to d e t e r m i n e  the  ba se  
r e c i r c u l a t i o n  c h a r a c t e r i s t i c s  of s e v e r a l  d i f f e r en t  t u r b i n e  
exhaus t  ducts  on a 5 . 4 7 - p e r c e n t - s c a l e  model  of the  Sa tu rn  
SA-1 B o o s t e r  a f t e rbody .  Hydrogen  gas  was  used  to s i m u l a t e  
the  combus t i b l e  p roduc t s  of the t u r b i n e  exhaus t .  B a s e  hea t ing  
and b a s e  p r e s s u r e  da ta  w e r e  t aken  wi th  e x t e r n a l  a i r f low at 
Mach n u m b e r s  1.63 (33, 000 to 45, 000-f t  a l t i tude)  and 3 .07 
(70, 000 to 80, 000-f l  a l t i tude) .  The  effect  on base  hea t ing  and 
base  p r e s s u r e  of one inboa rd  engine  i n o p e r a t i v e  and of a l t i tude  
v a r i a t i o n  was  a l so  inves t iga t ed .  

The da ta  ind ica ted  no base  burn ing  r e s u l t i n g  f r o m  c i r c u l a -  
t ion of the combus t i b l e  t u rb ine  exhaus t  g a s e s .  The only  base  
hea t ing  o b s e r v e d  was that  a t t r i bu t ed  to the  r e c i r c u l a t i o n  of the  
rocke t  engine  exhaus t  p roduc t s .  B a s e  p r e s s u r e s  ind ica ted  a 
s l igh t  r i s e  at the  t i m e  of hyd rogen  in i t i a t ion .  F l a m e  sh i e ld  
c a l o r i m e t e r  da ta  ind ica ted  the m a x i m u m  heat  t r a n s f e r  r a t e  at 
the c e n t e r  of the  sh i e ld  to be 113 B t u / f t 2 - s e c .  F l a m e  s h i e l d  
p r e s s u r e  data  ind ica ted  tha t  the flow out f r o m  the f l ame  sh i e ld  
r eg ion  be tween  ad jacen t  engines  b e c a m e  son ic  at a p p r o x i m a t e l y  
6 0 ,  000-ft  a l t i tude .  

| I" t'~ 
_ _ .,~.~ I^ , . . . - , , :o l ;c  r e l e a s e  .,, J L  

c], ..: ,-..q.,.,' .,-', n 
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1.0 INTRODUCTION 

The i n t e r a c t i o n  of the ex t e rna l  flow s t r e a m  with the engine exhaus t  
j e t s  and the imp ingemen t  of the exhaus t  j e t s  upon each  o the r  could p r o -  
duce a flow phenomenon  which would r e su l t  in r e c i r c u l a t i o n  of hot, fue l -  
r i c h  gases  into the base  of the SA-1 Sa turn  boos t e r .  These  ga se s  come  
f r o m  the m a i n  engine exhaus t  and f r o m  the p rope l l an t  pump t u r b i n e  
exhaust ,  and if combined  with a t m o s p h e r i c  a i r ,  could igni te  and burn  at 
the  base .  Such burning,  with the a t tendant  high heat  r e l e a s e ,  may  
cause  damage  to v i ta l  engine con t ro l s  and a c c e s s o r i e s .  The phenomenon  
of base  r e c i r c u l a t i o n  has been inves t iga ted  and r e p o r t e d  in s e v e r a l  
t e c h n i c a l  pub l ica t ions  (Refs.  1 and 2). The engine c l u s t e r  a r r a n g e m e n t  
of the SA-1 Sa turn  b o o s t e r  p r e s e n t e d  a base  r e c i r c u l a t i o n  p r o b l e m  so 
complex  that  an e s t i m a t e  of the  hea t  t r a n s f e r  r a t e  to the  base  could 
only be obta ined by s i m u l a t e d  a l t i tude  t e s t ing .  R e f e r e n c e  3 p r e s e n t s  
r e s u l t s  of s u b - s c a l e  Sa turn  mode l  t e s t i ng  with subson ic  and t r a n s o n i c  
Mach n u m b e r  e x t e r n a l  flow condi t ions .  

This  r e p o r t  p r e s e n t s  the r e s u l t s  of a t e s t  conducted in the  Rocket  
T e s t  F a c i l i t y  (RTF),  Arnold  E n g i n e e r i n g  Deve lopment  Cen t e r  (AEDC), 
Ai r  F o r c e  Sys t ems  Command  (AFSC), with a 5 . 4 ? - p e r c e n t - s c a l e  mode l  
of the Sa turn  SA-1 Boos t e r  a f t e rbody  at  ex t e rna l  flow Mach n u m b e r s  
of 1.63 and 3.07 at a l t i tudes  c o r r e s p o n d i n g  a p p r o x i m a t e l y  to expec ted  
t r a j e c t o r y  a l t i tudes  (see  Fig.  1 for  des ign  t r a j e c t o r y ) .  The pu rpose  of 
the t e s t  was to d e t e r m i n e  the heat  t r a n s f e r  and p r e s s u r e  effects  on the 
m i s s i l e  base  caused  by (1) the r e c i r c u l a t i o n  of engine exhaust  gases  
f r o m  the i n t e r a c t i o n  of the rocke t  exhaust  j e t s  with each o the r  and with 
the ex t e rna l  flow s t r e a m  and (2) the r e c i r c u l a t i o n  of the f u e l - r i c h  p r o -  
pe l l an t  pump tu rb ine  exhaust  p roduc t s .  

P a r t i c u l a r  e m p h a s i s  was p laced  upon the con t r ibu t ion  to base  h e a t -  
ing and base  p r e s s u r e  of s e v e r a l  d i f fe ren t  a c c e s s o r y  power  t u rb ine  
exhaust  duct conf igura t ions .  The effects  on base  r e c i r c u l a t i o n  of a l t i -  
tude v a r i a t i o n  and of one inboard  engine i nope ra t i ve  was a lso  noted.  

The inves t iga t ion ,  conducted  dur ing  the  pe r iod  Ju ly  1 th rough  
Sep t embe r  15, 1961, was s p o n s o r e d  by the George  C. M a r s h a l l  Space 
Fl ight  Cen t e r  of the Nat ional  Ae ronau t i c s  and Space A d m i n i s t r a t i o n  
(NASA). 

Manusc r ip t  r e l e a s e d  by au thor  J a n u a r y  1962. 
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2.0 APPARATUS 

2.1 TEST ARTICLE 

The 5 . 4 7 - p e r c e n t - s c a l e  mode l  of the  Sa tu rn  SA-1 B o o s t e r  a f t e rbody  
was  c o n s t r u c t e d  to m a t c h  the d i a m e t e r  (13.93 in. ) of ex i s t i ng  mount ing  
h a r d w a r e  (F igs .  2 and 3). S imula t ion  of the aft sh roud  con tou r s  was 
p rov ided  f r o m  model  s t a t i on  0 f o r w a r d  to model  s t a t i on  9 .2 ,  which  is  
equ iva len t  to the  a f t - m o s t  167.5 in. of the  p ro to type  boos t e r .  Tha t  p o r -  
t ion  of the model  f o r w a r d  of mode l  s t a t i on  9 .2  was c y l i n d r i c a l  in c r o s s  
s e c t i o n  i n s t ead  of having  the " s c a l l o p e d "  c r o s s  s e c t i o n  of the  p ro to type  
b o o s t e r  caused  by the eight  p r o p e l l a n t  t anks .  Minor  e x t e r n a l  p r o t u b e r -  
ances ,  such  as t i e -down  lugs ,  r e t r o - r o c k e t s ,  and u m b i l i c a l  d i s c o n n e c t s ,  
w e r e  not s i m u l a t e d  on the  mode l .  A i r  scoops  (F ig .  3) w e r e  s i m u l a t e d  
b e c a u s e  it was fel t  tha t  t h e s e  would have  a d i r e c t  in f luence  on base  
hea t ing .  

Eight  l iqu id  oxygen,  R P - 1  fueled,  r ocke t  eng ines  (Fig .  4), each  
developing  about 500-1b t h r u s t ,  w e r e  used to s i m u l a t e  the  p ro to type  
eng ines .  A p r e s s u r i z e d  p rope l l an t  s y s t e m  was  used .  Des ign  data  on 
the eng ines  a r e  p r e s e n t e d  in Tab le  1. Igni t ion  was  a c c o m p l i s h e d  us ing  
a p y r o p h o r i c  fuel,  t r i e t h y l a l u m i n u m .  The eng ines  w e r e  o p e r a t e d  at  a 
nomina l  c h a m b e r  p r e s s u r e  of 500 p s i a  and at nomina l  O / F  r a t io  of 2 .2 .  

The mode l  eng ines  w e r e  c l u s t e r e d  as  shown in Fig.  3d with the  
four  inboard  eng ines  p a r a l l e l  to the model  c e n t e r l i n e  and the four  out-  
board  eng ines  f ixed at a 6 -deg  outboard  cant  (neu t ra l  g imba l  pos i t ion)  
f r o m  the model  c e n t e r l i n e .  Th i s  a r r a n g e m e n t  d i f f e red  f r o m  that  of the  
p ro to type  engine  mount ing  in that  the four  p ro to type  inboard  eng ines  a r e  
f ixed at a 3-dog outboard  cant  which  could not be dup l i ca ted  on the  mode l  
eng ines  because  of p rope l l an t  and coolant  l ine  i n t e r f e r e n c e  f o r w a r d  of 
the engine  mount ing  p la te .  

The  p ro to type  p r o p e l l a n t - p u m p  tu rb ine  exhaus t  g a s e s  w e r e  s i m u -  
l a t ed  by hyd rogen  gas  d i s c h a r g e d  f r o m  " e x h a u s t e r a t o r s "  a round  and for  
each  of the four  outboard  engines  and f r o m  o v e r b o a r d  ducts  for  each  of 
the four  inboard  engines  (Fig.  3d). The flow d i r e c t i o n  (Fig .  5) of the 
hydrogen  gas  f r o m  the model  e x h a u s t e r a t o r  d i f f e red  f r o m  that  of the  
p ro to type  e x h a u s t e r a t o r  b e c a u s e  of mode l  h a r d w a r e  i n t e r f e r e n c e .  De ta i l s  
of model  e x h a u s t e r a t o r  des ign  and c o m p a r i s o n  with the p ro to type  a r e  
p r e s e n t e d  in Fig .  5. 

T h r e e  o v e r b o a r d  duct conf igura t ions  were  inves t iga t ed ;  the de t a i l s  
of each a r e  shown in F ig s .  3 and 6. The long o v e r b o a r d  duct c o n f i g u r a -  
t ion was i n v e s t i g a t e d  f i r s t  and m o s t  e x t e n s i v e l y  b e c a u s e  th i s  was  the 
duct to be used  on the f i r s t  Sa tu rn  f l igh ts .  
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2.2 INSTRUMENTATION 

Design and fabrication of the model heat shield and flame shield and 
total heat transfer calorimeters followed closely the concepts proposed 
in Ref. 4. The shields were of a sandwich-type construction as shown 
in Figs. 7 and 8. The copper sheet was prepared by sandblasting, fol- 
lowed by plating with cobalt sulfide to produce a black surface of high 
emissivity. This sheet was backed by 0.38-in. -thick insulation material 
to reduce heat losses through the back side of the copper. The construc- 
tion was completed with a solid steel backing plate for structural rigidity. 

The  c a l o r i m e t e r s  u s e d  to m e a s u r e  to t a l  ( c o n v e c t i v e  p lus  r a d i a t i o n )  
h e a t  t r a n s f e r  w e r e  s l ugs  p u n c h e d  f r o m  c o p p e r  s h e e t  p r e p a r e d  in t h e  
s a m e  m a n n e r  as  the  h e a t  s h i e l d  to g i v e  an i d e n t i c a l  s u r f a c e .  ( T h e r e  
w e r e  a n u m b e r  of  NASA f u r n i s h e d  c a l o r i m e t e r s  i n s t a l l e d  on t he  b a s e  h e a t  
s h i e l d  but the  da t a  f r o m  t h e s e  a r e  not a n a l y z e d  in t h i s  r e p o r t .  ) T h e  
s l u g s  w e r e  i n s e r t e d  in to  h o l e s  cut  out of t he  c o p p e r  hea t  s h i e l d  and  w e r e  
c e m e n t e d  in p l a c e  wi th  a h i g h - t e m p e r a t u r e ,  l o w - c o n d u c t i v i t y ,  c e r a m i c  
c e m e n t  in s u c h  a way tha t  the  s lug  was  f lu sh  wi th  t h e  h e a t  s h i e l d  s u r f a c e .  
Twenty-eight gage, chromel-alumel thermocouple wires silver-soldered 
to the rear face of the slugs were passed through the insulation and 
backing plate and connected to a temperature recording device. The 
calorimeter thermocouple mi].livolt outputs were recorded at 0.6-sec 
intervals on magnetic tape by a high-speed digital recording system. 
Playback of this tape on an IBM-7070 computer gave a printed digital 
output of temperature variation with time. 

Heat  s h i e l d  and f l a m e  s h i e l d  p r e s s u r e  m e a s u r e m e n t s  w e r e  o b t a i n e d  
f r o m  s t a t i c  p r e s s u r e  o r i f i c e s  m o u n t e d  f lu sh  on t he  s h i e l d s .  M i l l i v o l t  
ou tputs  f r o m  t r a n s d u c e r s  m e a s u r i n g  b a s e  p r e s s u r e s ,  p l e n u m  c h a m b e r  
t o t a l  p r e s s u r e ,  and t e s t  s e c t i o n  s t a t i c  p r e s s u r e  w e r e  r e c o r d e d  at a p p r o x -  
i m a t e l y  1 . 5 - s e c  i n t e r v a l s  and c o n v e r t e d  to a t a b u l a t e d  d ig i t a l  p r i n t o u t .  

L o c a t i o n  of al l  h e a t  s h i e l d  and f l a m e  s h i e l d  i n s t r u m e n t a t i o n  is  
s h o w n  in  F ig .  7. 

O x i d i z e r  and fuel  t ank  p r e s s u r e s ,  i n j e c t o r  p r e s s u r e s ,  and  the  i n d i -  
v idua l  e n g i n e  c h a m b e r  p r e s s u r e s  w e r e  r e c o r d e d  on c o n t i n u o u s  d i r e c t -  
ink ing  ana log  r e c o r d e r s .  I nd iv idua l  o x i d i z e r  and fuel  f lows w e r e  m e a s -  
u r e d  wi th  t u r b i n e - t y p e  f l o w m e t e r s ,  w h o s e  f r e q u e n c y  outputs  w e r e  
r e c o r d e d  on an o s c i l l o g r a p h .  E n g i n e  coo lan t  s y s t e m  p r e s s u r e s ,  t e m -  
p e r a t u r e s ,  and f lows w e r e  m e a s u r e d ,  and s a f e t y  c u t - o u t s  w e r e  p r o v i d e d  
as  r e q u i r e d  to d e t e r m i n e  and a s s u r e  p r o p e r  and s a f e  o p e r a t i o n .  

One 1 6 - m m  m o v i e  c a m e r a  and  one  t e l e v i s i o n  c a m e r a  w e r e  m o u n t e d  
in the  t e s t  s e c t i o n  c a m e r a  p o r t s  (F ig .  9) at the  ex i t  p l ane  of t he  e n g i n e  
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exhaus t  nozz l e s  to o b s e r v e  and r e c o r d  the ign i t ion  s e q u e n c e  and bu rn ing  
p a t t e r n  of the  r e c l r c u l a t e d  c o m b u s t l b l e  g a s e s .  

A s u m m a r y  of mode l  and t e s t  ce l l  i n s t r u m e n t a t i o n  showing  the  
method  and p r e c i s i o n  of m e a s u r i n g  and r e c o r d i n g  da ta  i s  g iven  in Tab l e  2. 

2.3 INSTALLATION 

The model  and cen t e rbody  w e r e  c a n t i l e v e r - m o u n t e d  f r o m  a s p i d e r  
a r r a n g e m e n t  in the  f o r w a r d  por t ion  of the  t e s t  ce l l  and extended aft  
t h rough  the  nozz le  (Fig .  9). The  two a x i s y m m e t r i c  n o z z l e s  (Mach n u m -  
b e r s  1 .63 and 3.0T) and t h e i r  r e s p e c t i v e  c e n t e r b o d i e s  w e r e  con toured  to 
p rov ide  a smoo th  expans ion  to the  de s ign  f r e e - s t r e a m  Mach n u m b e r .  

All  mode l  i n s t r u m e n t a t i o n  and con t ro l  l i ne s  and the  engine  p r o p e l -  
l an t  and coolant  supply ,  b leed  and r e t u r n  l i ne s  we re  run  th rough  the 
mode l  and out the  suppor t  s p i d e r  into the  p lenum c h a m b e r .  T h e s e  l i ne s ,  
in tu rn ,  lef t  the  p l enum c h a m b e r  t h rough  a p r e s s u r e - t i g h t  po r tho le  to 
the  v a r i o u s  f ac i l i t y  p rope l l an t ,  coolant ,  and i n s t r u m e n t a t i o n  s y s t e m s  
(Ref. 5). 

Hydrogen  gas  (at 520°R), which s i m u l a t e d  the p ro to type  fuel  r i c h  
t u rb ine  exhaus t  g a s e s ,  was supp l i ed  f r o m  a c o m m o n  mani fo ld  hav ing  
e ight  ou t le t s  to r e p r e s e n t  the eight  p r o p e l l a n t  pumps;  each  out le t  
i n c o r p o r a t e d  an o r i f i c e  0. 055- in .  in d i a m e t e r  for  flow r egu la t i on .  
Hydrogen  gas  flow was in i t i a t ed  a p p r o x i m a t e l y  t h r e e  s econds  a f t e r  ful l  
c h a m b e r  p r e s s u r e  was ach ieved .  Hydrogen  flow r a t e s  w e r e  c a l c u l a t e d  
by m e a s u r i n g  the p r e s s u r e  d i f f e r e n t i a l  of s ix  hyd rogen  supp ly  t anks  
be fo re  and a f t e r  a da ta  run.  Suff ic ient  t i m e  was a l lowed a f t e r  a da ta  
run  for  comple te  t e m p e r a t u r e  r e c o v e r y  to a s s u r e  a cons tan t  t e m p e r a -  
t u r e  p r o c e s s .  

3.0 PROCEDURE 

The nozz le  in le t  to ta l  p r e s s u r e  s e t t i n g s  w e r e  d e t e r m i n e d  f r o m  the 
d e s i r e d  s i m u l a t e d  a l t i tude  at the nozz le  exi t  and f r o m  the  p r e s s u r e  r a t i o  
c o r r e s p o n d i n g  to the  Mach n u m b e r  at which  t e s t i n g  was p e r f o r m e d .  
T h e s e  p r e s s u r e  r a t i o s  w e r e  d e t e r m i n e d  f r o m  the  nozz le  c a l i b r a t i o n s  
r e p o r t e d  in Ref.  6. Nozzle  in le t  to ta l  t e m p e r a t u r e  was m a i n t a i n e d  at  
140°F + 5 ° fo r  Mach n u m b e r  1.63 and at 200°F + 5 ° for  Mach n u m b e r  3.07 
t e s t i ng .  
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P r i o r  to each  t e s t  per iod ,  the hea t  s h i e l d  and f l ame  s h i e l d  w e r e  
b lackened  by a f u e l - r i c h  o x y a c e t e l y n e  t o r c h  to p rov ide  s i m i l a r  s u r f a c e  
condi t ions  for  a l l  r u n s .  

A no- f low ( s t a t i c  a l t i tude  tunnel  condi t ions)  da ta  point  was t aken  
be fo re  each  d a y ' s  t e s t s  to d e t e r m i n e  if a l l  p r e s s u r e  t r a n s d u c e r s  w e r e  
o p e r a t i n g  c o r r e c t l y  and w e r e  g iv ing  r e p e a t a b l e  da ta .  

When s t e a d y  flow condi t ions  at the  d e s i r e d  t e s t  a l t i tude  w e r e  e s t a b -  
l i shed ,  the  rocke t  f i r i ng  s equence  was in i t i a t ed  at a t i m e  d e s i g n a t e d  
t + 0 .  A t yp i ca l  t i m e  h i s t o r y  showing  engine  c h a m b e r  p r e s s u r e  bui ldup 
is  p r e s e n t e d  in F ig .  10. 

" E n g i n e - o n l y "  da ta  w e r e  obta ined  a f t e r  s t e a d y - s t a t e  engine  o p e r a -  
t ion  had been  e s t a b l i s h e d  and be fo re  the hyd rogen  flow was  in i t i a t ed .  

The flow r a t e  of h y d r o g e n  gas  is  r e f e r r e d  to in th i s  r e p o r t  in t e r m s  
of hea t  ra t io ,  which  is  the  r a t io  of c h e m i c a l  hea t  content  of the  d i s -  
c h a r g e d  h y d r o g e n  gas  to the  equ iva len t  c h e m i c a l  hea t  content  of the  
p ro to type  m i s s i l e  t u r b i n e  exhaus t  g a s e s .  F u r t h e r  de f in i t ions  and the  
method  of c a l c u l a t i o n s  a r e  g iven  in the  Appendix.  When h y d r o g e n  gas  
flow was equ iva len t  to a hea t  r a t i o  of 1.0,  the  flow m o m e n t u m  p e r  uni t  
a r e a  f r o m  the long o v e r b o a r d  ducts  was c a l c u l a t e d  to be a p p r o x i m a t e l y  
100 p e r c e n t  of the  p ro to type  t u rb ine  exhaus t  m o m e n t u m .  The m o m e n t u m  
p e r  unit  a r e a  for  the  s t r e a m l i n e d  duct was a p p r o x i m a t e l y  90 p e r c e n t  and 
for  the  s h o r t  duct a p p r o x i m a t e l y  110 p e r c e n t  of the  p ro to type  t u r b i n e  
exhaus t  m o m e n t u m .  

4.0 RESULTS AND DISCUSSION 

The Sa tu rn  SA-1 B o o s t e r  a f t e rbody  was t e s t e d  at Mach n u m b e r s  1.63 
(33, 000 to 45, 000-f t  a l t i tude)  and 3.07 (70, 000 to 80, 000-f t  a l t i tude) .  
Tab le  3 shows t e s t  condi t ions  for  each  f i r ing .  The hea t  t r a n s f e r  to the  
base  hea t  s h i e l d  c aused  by r e c i r c u l a t i o n  of the  engine  exhaus t  is  given,  
and the hea t  t r a n s f e r  to the  f l ame  sh i e ld  c a l o r i m e t e r s  is p r e s e n t e d  as  a 
funct ion of c a l o r i m e t e r  loca t ion .  The base  heat  sh i e ld  and f l ame  s h i e l d  
p r e s s u r e  da ta  a r e  p r e s e n t e d  as a funct ion of a l t i tude .  

The model  e x h a u s t e r a t o r  did not c o m p l e t e l y  s i m u l a t e  the p ro to type  
e x h a u s t e r a t o r  ( see  Fig .  5). The to ta l  e f fec ts  of th i s  d i f f e r ence  in flow 
d i r e c t i o n  a r e  not known. 

5 
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4.1 BASE HEATING 

4.1.1 Base Heat Shield 

E x a m i n a t i o n  of a t y p i c a l  t e m p e r a t u r e  v e r s u s  t i m e  plot  made  f r o m  
the  base  c a l o r i m e t e r  da ta  shows a smoo th  exponen t i a l  c u r v e  (F ig .  11) 
with no change  in the t r e n d  of the  cu rve  at o r  a f t e r  the  t i m e  h y d r o g e n  
flow was in i t i a ted ,  i nd i ca t i ng  no burn ing  of the  hyd rogen  gas  in the  b a s e  
r eg ion .  Th i s  was  f u r t h e r  s u b s t a n t i a t e d  by l a c k  of any  v i s i b l e  f l a m e  in 
the  mot ion  p i c t u r e s  t aken  of the  ba se  dur ing  engine  ope ra t i on .  Al though 
t h e r e  was  an ind ica t ion  tha t  hyd rogen  m a y  have  r e c i r c u l a t e d  into the  
base  ( this  wil l  be d i s c u s s e d  l a t e r  i n t h i s  r epor t ) ,  no bu rn ing  o c c u r r e d  
in  the  b a s e  r e g i o n  r e g a r d l e s s  of the  t u r b i n e  exhaus t  duct conf igura t ion ,  
the  f r e e - s t r e a m  Mach n u m b e r ,  o r  the  a l t i tude  at which  t e s t i n g  was  
a c c o m p l i s h e d .  Al though no b a s e  burn ing  o c c u r r e d  s o m e  base  hea t ing  
was  p r e s e n t  which was a t t r i bu t ed  to r e c i r c u l a t i o n  of hot rocke t  exhaus t  
g a s e s .  T h e s e  g a s e s  gave a m a x i m u m  heat  t r a n s f e r  r a t e  to the  b a s e  of 
a p p r o x i m a t e l y  4 . 0  B t u / f t 2 - s e c  for  the  M = 1.63 and M = 3.07 t e s t s .  
The  m i n i m u m  hea t  t r a n s f e r  r a t e  of 2 .5  B t u / f t 2 - s e c  on the  ba se  o c c u r r e d  
be tween  the ou tboard  engine  nozz le  and the s k i r t .  

The  r e s u l t s  of f lowing h y d r o g e n  f r o m  the  t u rb ine  exhaus t  ducts  
i nd ica t e  tha t  the duct which  was chosen  as the  op t imum duct in the  
l o w e r  por t ion  of the  t r a j e c t o r y  (as r e p o r t e d  in Ref.  3) would a l so  be 
s a t i s f a c t o r y  for  tha t  po r t ion  of the t r a j e c t o r y  c o v e r e d  by th i s  s e r i e s  of 
t e s t s .  

B e c a u s e  Ref.  ? s t a t e d  tha t  bu rn ing  could o c c u r  up to Mach n u m -  
b e r  3.5 a n d / o r  100, 000 ft, f a c t o r s  which  m a y  have  p r e v e n t e d  b a s e  
bu rn ing  in t h e s e  t e s t s  w e r e  ana lyzed .  

Model s c a l e  e f fec ts  w e r e  p o s s i b i l i t i e s  f i r s t  c o n s i d e r e d .  Two ef fec t s  
which  w e r e  i m p o s e d  by the  s c a l e  of the  model  w e r e  the  r educed  t i m e  the 
r e c i r c u l a t e d  g a s e s  r e m a i n e d  in the base  ( s tay  t ime)  and the  d e c r e a s e d  
d i s t a n c e  be tween  n o z z l e s .  The  r educed  s t a y  t i m e  d e c r e a s e d  the t i m e  
ava i l ab l e  to igni te  the gas .  The r educed  d i s t ance  be tween  n o z z l e s  in-  
c r e a s e d  the p o s s i b i l i t i e s  of f l ame  quenching  (Ref. 7). 

w a s  

w a s  

r ing 

The nozz le  in le t  to ta l  t e m p e r a t u r e  for  the  Mach n u m b e r  3 .07 t e s t i n g  
660°R, w h e r e a s  the  in le t  t e m p e r a t u r e  for  t r u e  a l t i tude  s i m u l a t i o n  
l l 4 (PR .  Th i s  d i f f e r ence  in t e m p e r a t u r e  m a y  have  been a c o n t r i b u -  
f a c to r  to no base  burn ing .  

It was a l so  p o s s i b l e  tha t  the  h y d r o g e n / a i r  r a t i o  in the  ba se  r e g i o n  
was not wi th in  the f l a m m a b i l i t y  l i m i t  fo r  hyd rogen  gas .  This  is  a r a t h e r  

6 
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i m p r o b a b l e  a s s u m p t i o n  because  the f l a m m a b i l i t y  l i m i t s  of h y d r o g e n  to 
a i r  m i x t u r e s  a r e  be tween 9 and 74 p e r c e n t  by vo lume  (Ref. 8). How- 
eve r ,  such  a p o s s i b i l i t y  was eva lua ted  by v a r y i n g  the amount  of 
hyd rogen  flow f r o m  the  t u rb ine  exhaus t  ducts .  The  amount  of h y d r o g e n  
was v a r i e d  by i n c r e a s i n g  and d e c r e a s i n g  the hyd rogen  p r e s s u r e .  T e s t s  
we re  made  with  hyd rogen  flows r a n g i n g  f r o m  heat  r a t i o s  of 0.55 to 1.25 
with no ind ica t ion  of base  burn ing .  

Two o the r  p o s s i b i l i t i e s  a r e  those  of f l ame  quenching and ign i t ion  
e n e r g y  (Ref. 8). T h e s e  two p h e n o m e n a  w e r e  t r e a t e d  as  one b e c a u s e  
t h e r e  would be c o n s i d e r a b l e  d i f f icu l ty  in a t t emp t ing  to s e p a r a t e  t hem.  
Quenching  and i ts  p o s s i b l e  e f fec ts  on s c a l e  base  hea t ing  a r e  d i s c u s s e d  
in Ref. 7. The quenching d i s t a n c e  is  def ined as the  m i n i m u m  opening  
th rough  which  f l a m e s  in a g iven  m i x t u r e  at a g iven  t e m p e r a t u r e  and 
p r e s s u r e  can p a s s .  The quenching  d i s t a n c e  is a p p r o x i m a t e l y  i n v e r s e l y  
p r o p o r t i o n a l  to the  produc t  of the s t a t i c  p r e s s u r e  of the gas  and the 
t e m p e r a t u r e  of the unburned  gas  in the base  r eg ion .  B e c a u s e  in the  
c a s e  of the  model  the s t a t i c  p r e s s u r e  of the  gas  is a funct ion of the  
base  p r e s s u r e ,  the  p r e s s u r e  could not be a l t e r e d .  However ,  the  t e m -  
p e r a t u r e  of the hyd rogen  gas  at the  exi t  of the  t u rb ine  exhaus t  ducts  
was a p p r o x i m a t e l y  600°R lower  than  the t e m p e r a t u r e  of the  exhaus t  
p roduc t s  at the exi t  of the f u l l - s c a l e  ducts  (520°R-1110°R). Th i s  t e m -  
p e r a t u r e  could be i n c r e a s e d  without s a c r i f i c e  of any s i m u l a t i o n  a l r e a d y  
obta ined.  The hyd rogen  gas  was t h e r e f o r e  hea ted  by an i m m e r s i o n -  
type  hea t  e x c h a n g e r  so tha t  the t e m p e r a t u r e  at the exi t  of the t u rb ine  
exhaus t  duct was a p p r o x i m a t e l y  800°R. Hea t ing  of the  hyd rogen  has  
s e v e r a l  e f fec ts  on the gas  p r o p e r t i e s ;  it i n c r e a s e s  the  f l a m m a b i l i t y  
l i m i t s  of the  hydrogen ,  it d e c r e a s e d  the quenching  d i s t ance ,  and it 
d e c r e a s e s  the igni t ion  e n e r g y  r e q u i r e d  (Ref. 8). All  t h r e e  e f fec ts  we re  
d e s i r a b l e  because  they  al l  would i n c r e a s e  the p o s s i b i l i t i e s  of ba se  b u r n -  
ing, but the  combined  ef fec ts  we re  not su f f i c i en t  to cause  burn ing  in the  
model  base  r eg ion .  

4.1.2 Flame Shield 

F i g u r e  12 is  a t yp ica l  heat  t r a n s f e r  v e r s u s  c a l o r i m e t e r  t e m p e r a -  
t u r e  plot .  T h e s e  data  w e r e  ex t r apo l a t ed  to obta in  the  va lues  of hea t  
t r a n s f e r  r a t e  p r e s e n t e d  in Fig.  13. The da ta  we re  ex t r apo l a t ed  to the  
s t a r t i n g  t e m p e r a t u r e  of the c a l o r i m e t e r  and a r e  p r e s e n t e d  as  the m a x i -  
m u m  heat  t r a n s f e r  r a t e .  Th i s  ex t r apo l a t i on  to the  s t a r t i n g  t e m p e r a t u r e  
was chosen  because  a c c o r d i n g  to the  equat ion  ct = hcA(Tg - Tw), the  
m a x i m u m  heat  t r a n s f e r  o c c u r s  where  (Tg - T w) is  a m a x i m u m  ( a s s u m -  
ing Tg and h c cons tant ) ;  t h e r e f o r e ,  the  heat  t r a n s f e r  would be the 
g r e a t e s t  at the s t a r t  of a g iven  run  when Tw is  a m i n i m u m .  

7 
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T h e  hea t  t r a n s f e r  on  t he  f l a m e  s h i e l d  (F ig .  13) at M a c h  n u m b e r  i .  63 
i n d i c a t e s  a m a x i m u m  r a t e  of  113 B t u / f t 2 - s e c  and  o c c u r r e d  at t he  
c a l o r i m e t e r  l o c a t e d  in  t he  c e n t e r  of t he  f l a m e  s h i e l d .  T h e  m i n i m u m  
r a t e  of  h e a t  t r a n s f e r  was  47 B t u / f t 2 - s e c  and  o c c u r r e d  at t he  c a l o r i m -  
e t e r  l o c a t e d  the  g r e a t e s t  d i s t a n c e  f r o m  the  c e n t e r  of  t he  f l a m e  s h i e l d .  
The  M a c h  n u m b e r  3 .07  da t a  i n d i c a t e d  a m a x i m u m  hea t  t r a n s f e r  r a t e  
of  72 B t u / f t 2 - s e c  to t he  c a l o r i m e t e r  l o c a t e d  in the  c e n t e r  of  t he  f l a m e  
s h i e l d ,  w h e r e a s  the  m i n i m u m  h e a t  t r a n s f e r  r a t e  was  an  a v e r a g e  of  
44 B t u / f l 2 - s e c  to  t he  t h i r d  c a l o r i m e t e r  f r o m  the  c e n t e r  of  t h e  f l a m e  
s h i e l d .  Wi th  one  i n b o a r d  e n g i n e  i n o p e r a t i v e  the  hea t  t r a n s f e r  to  t h e  
f l a m e  s h i e l d  was  15 B t u / f t 2 - s e c  to t he  c a l o r i m e t e r  l o c a t e d  in t h e  c e n t e r  
of  t h e  f l a m e  s h i e l d  (F ig .  13). Th i s  d e c r e a s e  in  hea t  t r a n s f e r  was  as  
p r e d i c t e d  in  Ref .  1. 

T h e  f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  was  c a l c u l a t e d  by the  m e t h o d s  
p r e s e n t e d  in the  Append ix .  The  two m e t h o d s  s h o w e d  good  a g r e e m e n t ,  
and the  r e s u l t s  a r e  p r e s e n t e d  in F ig .  14. 

T h e  c a l c u l a t e d  v a l u e s  of  h e a t  t r a n s f e r  c o e f f i c i e n t  i n d i c a t e d  a m a x i -  
m u m  c o e f f i c i e n t  at  t he  c e n t e r  c a l o r i m e t e r  of  t he  f l a m e  s h i e l d  and 
d e c r e a s e d  to  a m i n i m u m  c o e f f i c i e n t  at t he  c a l o r i m e t e r  l o c a t e d  the  
g r e a t e s t  d i s t a n c e  f r o m  the  c e n t e r  of t h e  f l a m e  s h i e l d .  T h i s  p r o f i l e  was  
d e t e r m i n e d  fo r  both  M a c h  n u m b e r s  1 .63  and 3 .07  t e s t i n g .  F o r  Mach  
n u m b e r  1 .63  t e s t i n g ,  the  a v e r a g e  c o e f f i c i e n t s  w e r e  0 . 2 2 7 B t u / f t 2 - s e c ° F  
and 0 .066  B t u / f t 2 - s e c ° F ,  w h e r e a s  fo r  Mach  n u m b e r  3 .07 ,  the  a v e r a g e  
c o e f f i c i e n t s  w e r e  0. 143 B t u / f t 2 - s e c ° F  and 0 .059  B t u / f t 2 - s e c ° F .  

4.2 BASE PRESSURE 

4.2.1 Base Heat Shield Pressure 

B a s e  p r e s s u r e  da ta  p r e s e n t e d  in t h i s  r e p o r t  w e r e  o b t a i n e d  f r o m  an 
a r i t h m e t i c a l  a v e r a g e  of  t he  s e v e n  b a s e  p r e s s u r e  t aps  l o c a t e d  as  s h o w n  
in F ig .  8a. In g e n e r a l ,  t he  v a r i a t i o n  in the  i nd iv idua l  b a s e  p r e s s u r e s  
was  wi th in  +5 p e r c e n t  of t he  a v e r a g e  b a s e  p r e s s u r e .  

T h e  v a r i a t i o n s  of  b a s e  to f r e e - s t r e a m  p r e s s u r e  r a t i o  and  of b a s e  
p r e s s u r e  c o e f f i c i e n t  wi th  a l t i t u d e  a r e  s h o w n  in  F i g s .  15 and 16. T h e  
da t a  at 41, 000 fl a r e  f r o m  M = 1 .63  t e s t  ( excep t  as noted) ,  and t he  da t a  
at  t he  75, 000- f l  l e v e l  a r e  f r o m  Mach  n u m b e r  3 .07  t e s t s .  T r a j e c t o r y  
a l t i t u d e  f o r  M a t h  n u m b e r  3 .07  could  not be  o b t a i n e d  b e c a u s e  of p r e s s u r e  
r a t i o  l i m i t a t i o n s ,  but a n u m b e r  of  t e s t s  w e r e  r u n  at l o w e r  a l t i t u d e s  to 
e s t a b l i s h  a t r e n d  w h e r e b y  an e s t i m a t e d  b a s e  p r e s s u r e  m i g h t  be  o b t a i n e d .  
A n u m b e r  of  "off  t r a j e c t o r y "  r u n s  w e r e  a l s o  m a d e  at M a c h  n u m b e r  1 .63 .  
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The data presented were those obtained with hydrogen discharging 
from all eight turbine exhausts. The base pressure rise at the time of 
hydrogen initiation was approximately 0.05 psia for all ducts. Because 
no base burning occurred at any altitude or Mach number, no large base 
p r e s s u r e  r i s e  would  be  e x p e c t e d  wi th  t h e  i n i t i a t i o n  of h y d r o g e n  f low.  

T he  b a s e  p r e s s u r e  da ta  show a s m a l l  but d i s t i n c t  d i f f e r e n c e  b e t w e e n  
v a r i o u s  o v e r b o a r d  duc ts  wh ich  is a t t r i b u t e d  to d i f f e r e n c e  in  a e r o d y n a m i c  
c h a r a c t e r i s t i c s  and not  to t he  d i f f e r e n c e  in a m o u n t  of  r e c i r c u l a t e d  h y d r o -  
gen  as  t he  b a s e  p r e s s u r e  r o s e  a p p r o x i m a t e l y  0 .05  p s i a  when  h y d r o g e n  
was  i n i t i a t e d .  T h i s  d i f f e r e n c e  is  m o r e  n o t i c e a b l e  as  a b a s e  p r e s s u r e  
c o e f f i c i e n t  in F ig .  16 than  as a p r e s s u r e  r a t i o .  

T he  t r e n d  of both  the  b a s e  p r e s s u r e  r a t i o  and b a s e  p r e s s u r e  c o e f -  
f i c i e n t  da t a  i n d i c a t e s  an i n c r e a s e  as  a l t i t u d e  i n c r e a s e s .  S e v e r a l  da t a  
po in t s  f r o m  Ref.  9 a r e  s h o w n  in bo th  F i g s .  15 and  I6.  The  r e f e r e n c e  
da t a  po in t s  a g r e e  qu i te  we l l  wi th  the  t r e n d  as s h o w n  wi th  t he  e x c e p t i o n  
of M.~ = 1 .4  b a s e  p r e s s u r e  c o e f f i c i e n t  wh ich  i n d i c a t e s  tha t  t h i s  t r e n d  
m a y  c h a n g e  b e t w e e n  MaD = 1 .4  and M ,  - I .  5. Th i s  i n d i c a t i o n  of t r e n d  
change is also shown in Ref. 9. 

The  b a s e  p r e s s u r e  was  a f f ec t ed  v e r y  l i t t l e  w h e n  an i n b o a r d  e n g i n e  
was  i n o p e r a t i v e  ( s e e  F i g s .  15 and 16). It s h o u l d  be no ted ,  h o w e v e r ,  
t ha t  the  p r e s s u r e s  w e r e  m e a s u r e d  on t he  s i d e  of  the  b a s e  o p p o s i t e  t he  
i n o p e r a t i v e  i n b o a r d  eng ine .  

4.2.2 Flame Shield Pressure 

The  f l a m e  s h i e l d  da ta  p r e s e n t e d  w e r e  o b t a i n e d  f r o m  the  one s t a t i c  
p r e s s u r e  tap  in t he  s h i e l d  (F ig .  8b). F l a m e  s h i e l d  da ta  a r e  p r e s e n t e d  
as a r a t i o  of  f l a m e  s h i e l d  p r e s s u r e  to b a s e  p r e s s u r e .  Th i s  r a t i o  was  
u s e d  in p r e f e r e n c e  to the  r a t i o  wi th  f r e e - s t r e a m  p r e s s u r e  b e c a u s e  the  
g a s e s  f r o m  the  f l a m e  s h i e l d  r e g i o n  exhaus t  into t he  b a s e  r e g i o n  and 
t h e r e f o r e  a r e  d e p e n d e n t  on, o r  i n f l u e n c e d  by, the  b a s e  p r e s s u r e .  

The  f l a m e  s h i e l d  p r e s s u r e  da ta  i n d i c a t e d  an a v e r a g e  p r e s s u r e  of 
2 .87  p s i a  fo r  al l  r u n s  fo r  both Mach  n u m b e r s  1 .63  and 3 .07 .  Th i s  
f l a m e  s h i e l d  p r e s s u r e  r a t i o e d  to b a s e  p r e s s u r e  i n d i c a t e d  a va lue  g r e a t e r  
than  1 .79 ( c r i t i c a l  p r e s s u r e  r a t i o ,  s e e  the  Appendix)  fo r  al l  Mach  n u m -  
b e r  3 .07  t e s t s  and is shown  in F ig .  17. The  r a t i o  fo r  the  Mach  n u m -  
b e r  1 .63 t e s t  (in the  4 1 , 5 0 0 - f t - a l t i t u d e  r a n g e )  is  l e s s  t han  c r i t i c a l  
(about  1.4)  and is a l so  shown  in Fig .  17. An e x t r a p o l a t i o n  to a p r e s -  
s u r e  r a t i o  of 1 .8  of  t he  Mach  n u m b e r  3 .07  da ta  i n d i c a t e s  tha t  the  f l a m e  
s h i e l d  to b a s e  p r e s s u r e  r a t i o  would  b e c o m e  c r i t i c a l  at about  63,000 ft. 
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S e v e r a l  t e s t s  w e r e  m a d e  at  both ~ - 1 .63  and  ~ = 3 .07  w i th  one  
i n b o a r d  e n g i n e  i n o p e r a t i v e .  The  f l a m e  s h i e l d  p r e s s u r e  in bo th  c a s e s  
(F ig .  17) s h o w e d  a m a r k e d  d e c r e a s e  when  c o m p a r e d  w i th  t ha t  t a k e n  
w i t h  a l l  e igh t  e n g i n e s  o p e r a t i n g .  T h i s  i s  a t t r i b u t e d  to  t h e  fac t  t h a t  t he  
a r e a  a v a i l a b l e  fo r  the  r e j e c t e d  g a s  to e s c a p e  w a s  g r e a t l y  i n c r e a s e d  
w h i l e  t he  a m o u n t  of  r e j e c t e d  g a s e s  was  d e c r e a s e d  (Ref .  1). T h e  f l a m e  
s h i e l d  p r e s s u r e  w a s  a p p r o x i m a t e l y  equa l  to t he  b a s e  p r e s s u r e  at  M a c h  
n u m b e r  1 .63  and  w a s  on ly  s l i g h t l y  h i g h e r  t h a n  t h e  b a s e  p r e s s u r e  at  
M a c h  n u m b e r  3 .07  as  i n d i c a t e d  in F ig .  17. 

5.0 SUMMARY OF RESULTS 

T h e  r e s u l t s  o b t a i n e d  d u r i n g  an  i n v e s t i g a t i o n  of  b a s e  h e a t i n g  w i t h  
a 5 . 4 7 - p e r c e n t - s c a l e  m o d e l  of  the  SA-1  S a t u r n  b o o s t e r  a f t e r b o d y  at  
M a c h  n u m b e r  i .  63 a l t i t u d e s  of 33, 000 to 45, 000 ft  and a M a c h  n u m -  
b e r  3 .07  at  a l t i t u d e s  of 70, 000 to 80, 000 ft a r e  s u m m a r i z e d  as  f o l l ows :  

i .  No b u r n i n g  of  the  h y d r o g e n ,  w h i c h  s i m u l a t e d  the  t u r b i n e  
e x h a u s t  p r o d u c t s ,  o c c u r r e d  in  the  b a s e  at  e i t h e r  M a c h  
n u m b e r  i .  63 o r  3 .67 .  

2. M a x i m u m  hea t  t r a n s f e r  to the  b a s e  was  a p p r o x i m a t e l y  
4 . 0  B t u / f t 2 - s e c  w i t h  m i n i m u m  v a l u e s  of 2.5 B t u / f t 2 - s e c  
in the  r e g i o n  b e t w e e n  the  r o c k e t  n o z z l e s  and s k i r t  e x t e n -  
s i o n s .  

3. The heat transfer rate to the flame shield at Mach num- 
ber I. 63 was 113 Btu/ft2-sec at the center calorimeter 
and decreased to 47 Btu/ft2-sec at the calorimeter 
located the greatest distance from the center of the 
flame shield. At Mach number 3.07, the heat flux was 
72 Btu/ft2-sec at the center calorimeter and decreased 
in value to 44 Btu/ft2-sec at the third calorimeter from 
the center. 

4. A profile of calculated values of film heat transfer coef- 
ficient for the flame shield indicated the maximum at the 
center and the minimum at the greatest distance from the 
center. At Mach number 1.63, data indicated the average 
maximum value was 0. 227 Btu/ft2-sec°F, and the average 
minimum value was 0. 066 Btu/ft2-sec°F, whereas at 
Mach number 3.07 the average maximum value was 
0. 143 Btu/ft2-secOF, and the average minimum value 
was 0.059 Btu/ft2-sec°F. 
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5. B a s e  p r e s s u r e  da t a  i n d i c a t e d  a s l i g h t  i n c r e a s e ,  when  
h y d r o g e n  f low was  i n i t i a t e d ,  w i th  a l l  duct  c o n f i g u r a t i o n s  
e v a l u a t e d .  

6. T h e r e  was  l i t t l e  e f f ec t  on b a s e  p r e s s u r e  d u r i n g  o p e r a -  
t i on  wi th  an  i n o p e r a t i v e  i n b o a r d  e n g i n e .  

7. F l a m e  s h i e l d  p r e s s u r e  m e a s u r e d  n e a r  the  c e n t e r  of t he  
s h i e l d  was  c o n s t a n t  at  a p p r o x i m a t e l y  2 . 8 ?  p s i a  fo r  a l l  
t e s t i n g  w i th  e igh t  e n g i n e s  o p e r a t i n g .  

8. An e x t r a p o l a t i o n  of the  M a c h  n u m b e r  3 . 0 7  da ta  to  a 
p r e s s u r e  r a t i o  of I .  79 i n d i c a t e s  t ha t  the  f l a m e  s h i e l d  
to  b a s e  p r e s s u r e  r a t i o  would  b e c o m e  c r i t i c a l  a t  about  
63, 000 ft.  

9. The  f l a m e  s h i e l d  p r e s s u r e  w i t h  one  i n b o a r d  eng ine  
i n o p e r a t i v e  w a s  equa l  to the  b a s e  p r e s s u r e  a t  M a c h  n u m -  
b e r  I.  63 and  was  15 p e r c e n t  h i g h e r  t h a n  b a s e  p r e s s u r e  
at  M a c h  n u m b e r  3 .07 .  
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APPENDIX 

METHODS OF CALCULATION 

HEAT TRANSFER 

T o t a l  hea t  t r a n s f e r  (Cl) w a s  c o m p u t e d  f o r  e a c h  c a l o r i m e t e r  f r o m  the  
i n d i c a t e d  c a l o r i m e t e r  t e m p e r a t u r e  r i s e  o v e r  e a c h  0 . 6 - s e c  i n t e r v a l  and  
us ing :  

cpm dT 

q = - - T  - ~  d-T- 

where A = C a l o r i m e t e r  s l ug  e x p o s e d  s u r f a c e  a r e a ,  ft 2 

dT = T e m p e r a t u r e  d e r i v a t i v e  w i th  r e s p e c t  to t i m e ,  " F / s e c  
dt 

BASE PRESSURE 

B a s e  p r e s s u r e  (pB) d a t a  p r e s e n t e d  in t h i s  r e p o r t  w e r e  o b t a i n e d  by 
a v e r a g i n g  the  v a l u e s  f r o m  the  s e v e n  s t a t i c  p r e s s u r e  t ap s  l o c a t e d  on the  
b a s e .  F l a m e  s h i e l d  p r e s s u r e  (PFS) d a t a  w e r e  o b t a i n e d  f r o m  the  s t a t i c  
p r e s s u r e  t ap  l o c a t e d  on the  f l a m e  s h i e l d .  B a s e  p r e s s u r e  c o e f f i c i e n t  
w a s  c a l c u l a t e d  f r o m :  

Cp = (PB - P ~ ) / q ~  

w h e r e  q~- -  1/2 p~ 7,~1~ ~ 

HEAT RATIO 

G a s e o u s  h y d r o g e n  w a s  u s e d  to s i m u l a t e  the  c o m b u s t i b l e  t u r b i n e  
e x h a u s t  g a s e s  of the  p r o t o t y p e  s y s t e m .  H y d r o g e n  was  s e l e c t e d  b e c a u s e  
of  i t s  w ide  f l a m m a b i l i t y  l i m i t s  (9 to 7 4 - p e r c e n t  h y d r o g e n  to a i r ,  by 
v o l u m e  - Ref .  8) and w a s  d i s c h a r g e d  at a r a t e  w h i c h  s i m u l a t e d  the  hea t  
c o n t e n t  t ha t  wou ld  be  a v a i l a b l e  ( e q u i v a l e n t  hea t  con ten t ) :  

. If  t he  t u r b i n e  e x h a u s t  g a s e s  d i s c h a r g e d  f r o m  the  m o d e l  
w e r e  of the  s a m e  c h e m i c a l  c o m p o s i t i o n  as t h o s e  of  the  
p r o t o t y p e  

. I f  t h e s e  g a s e s  w e r e  d i s c h a r g e d  f r o m  t h e  m o d e l  in the  
s a m e  p r o p o r t i o n  to m o d e l  e n g i n e  t o t a l  p r o p e l l a n t  f low 
as  t he  g a s e s  f r o m  the  p r o t o t y p e  

. If a c o m b u s t i o n  e f f i c i e n c y  of 100 p e r c e n t  w e r e  a s s u m e d  
f o r  b u r n i n g  of t h e  t u r b i n e  e x h a u s t  g a s e s .  

13 
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B a s e d  on t h e s e  a s s u m p t i o n s ,  the  t u r b i n e  e x h a u s t  f l ows  in  t h i s  i n v e s t i -  
g a t i o n  w e r e  r e f e r r e d  to in t e r m s  of  h e a t  r a t i o  c a l c u l a t e d  a s  f o l l ows :  

Given :  1. T o t a l  p r o t o t y p e  p r o p e l l a n t  f low = 643 l b / s e c / e n g i n e  

2. T o t a l  p r o t o t y p e  t u r b i n e  e x h a u s t  g a s  f low = 
13 .25  l b / s e c / e n g i n e  

3. 57 p e r c e n t  of  p r o t o t y p e  t u r b i n e  e x h a u s t  g a s  f low is  
u n b u r n e d  R P - 1  w i th  a h e a t i n g  v a l u e  ffi 18,600 B t u / l b  

4. T o t a l  m o d e l  p r o p e l l a n t  f low = 2 .22  l b / s e c / e n g i n e  

5. L o w e r  h e a t i n g  v a l u e  of g a s e o u s  h y d r o g e n  = 
51, 600 B t u / l b  

T h e r e f o r e ,  t he  r a t i o  of  p r o t o t y p e  t o t a l  p r o p e l l a n t  f low to c o m b u s t i b l e  
643 

t u r b i n e  e x h a u s t  g a s  f low = 13 .25  x 0 . 5 7  = 85 .1 .  

To m a i n t a i n  the  m o d e l  f low r a t i o  at  t h i s  v a l u e  would  r e q u i r e  
2 . 2 2 / 8 5 . 1  = 0 .0261  l b / s e c  of u n b u r n e d  RP-10 wi th  an  a v a i l a b l e  hea t  r a t e  
of  0 .0261  x 18, 600 = 485 B t u / s e c .  To ob ta in  t h i s  h e a t  r a t e  wi th  h y d r o g e n  
g a s  a f low of  485 /51 ,  600 = 0 .0094  l b / s e c  would  be  r e q u i r e d .  Hea t  r a t i o  
was  t hen  de f ined  as  the  a c t u a l  h y d r o g e n  f low r a t e  d u r i n g  e a c h  p a r t i c u l a r  
r u n  d iv ided  by 0 .0094 .  

FILM HEAT TRANSFER COEFFICIENT 

T h e r e  a r e  s e v e r a l  s u g g e s t e d  m e t h o d s  fo r  c a l c u l a t i n g  f i l m  h e a t  
t r a n s f e r  c o e f f i c i e n t  when  on ly  c a l o r i m e t e r  t e m p e r a t u r e  and c a l c u l a t e d  
v a l u e s  of hea t  t r a n s f e r  a r e  a v a i l a b l e .  Two of t h e s e  m e t h o d s  a r e  g i v e n  
be low:  

. R e f e r e n c e  4 s u g g e s t s  a s s u m i n g  h c and Tg  c o n s t a n t  and 
dT 

c o m b i n i n g  hcA (Tg - T w) ffi m c p  ~ ffi (1 in  w h i c h  h c and  

Tg  a r e  unknown,  and a l l  o t h e r  v a l u e s  a r e  found e x p e r i m e n -  
t a l l y  and t hen  s o l v i n g  by u s i n g  m e a s u r e d  v a l u e s  of  cl at  two 
d i f f e r e n t  t i m e s .  The  two b e s t  po in t s  a r e  t h o s e  n e a r  t he  
b e g i n n i n g  and n e a r  t he  end of the  s t e a d y - s t a t e  t e s t  c o n d i -  
t i o n s .  

. Reference 9 suggests that the ~t vs T data (Fig. 12) may 
be extrapolated to a heat transfer rate of zero thereby 
obtaining an equilibrium temperature and assuming this 
to be the gas temperature. This gas temperature may 
then be used in Cl = hcA (Tg- Tw). 

14 
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CRITICAL PRESSURE RATIO 

T h e  r a t i o  of  s p e c i f i c  h e a t s  fo r  the  p r o d u c t s  of c o m b u s t i o n  f o r  t he  
LOX,  R P - 1  p r o p e l l a n t  w a s  e s t i m a t e d  to be a p p r o x i m a t e l y  1 .23 .  T h i s  
v a l u e  was  u s e d  to d e t e r m i n e  t h e  c r i t i c a l  p r e s s u r e  r a t i o  of  1 . 7 9 ( P F S / P B )  
f o r  t he  g a s e s  in  t he  f l a m e  s h i e l d  r e g i o n .  

T h e  fo l l owing  e q u a t i o n  was  u s e d  fo r  t h i s  c a l c u l a t i o n :  

s i n c e  M - i 

-'~-'B --PFS (1+ Y -- 1 M2) Y - 1 2  

PB 

15 



TABLE 1 

ROCKET ENGINE DESIGN DATA 

AEDC-TDR-62-9 

Nozzle Shape 

Nozzle Throat  Diameter ,  in. 

Nozzle Exit Diameter ,  in. 

Nozzle Area  Ratio 

LO 2 Flow, l b / s e c / e n g i n e  

RP-1  Flow, l b / s e c / e n g i n e  

Chamber  P r e s s u r e ,  ps ia  

Thrus t  Chamber  and Nozzle 
Coolant Flow Rate, l b / s e c  

Model 

Contoured 

0.90 

2.50 

7.72 

1.5 l b / s e c  

0.7 l b / s e c  

500 ps ia  

Water  3 l b / s e c  

Prototype 

Contoured 

16.5 

46.74 

8 . 0  

441 

202 

575 

Regenera t ive  
Fuel  Cooled 

17 



P a r a m e t e r  

Ca lo r ime te r  
Tempera tu re  

Base 
P r e s s u r e  

Base 
P r e s s u r e  

F ree  -S t ream 
P r e s s u r e  

Combustion 
Chamber  
P r e s s u r e  

Injector 
P r e s s u r e  

Propel lant  
Flows 

Method of 
Measurement  

clA 
Thermocouple 

Stra in-Gage 
T r a n s d u c e r  

St ra in-Gage 
T ransduce r  

St ra in-Gage 
T r a n s d u c e r  

St ra in-Gage 
T r a n s d u c e r  

St ra in-Gage 
T r a n s d u c e r  

Turb ine  -Type 
F1owmeter 

TABLE 2 

INSTRUMENTATION SUMMARY 

Method of Response 
Recording Range Time,  m i l l i s e c  

Magnetic 
Tape 

Magnetic 
Tape 

Osci l lograph 

Magnetic 
Tape 

Continuous 
Inking 
Recorder  

Continuous 
Inking 
Recorder  

Osci l lograph 

0 - 1 8 0 0  
"F 

0 - 1 0  
ps la  

0- I0  
ps i a  

0-1fi 
ps ia  

0-I000 
psig 

0 - 1 0 0 0  
psig 

0 - 1 . 5  
l b / s e c  

5 0 . 0  

5 0 . 0  

5 0 . 0  

5 0 . 0  

500  

500  

5 . 0  

Max Deviation, ± 
Pe rcen t  of Full  Scale 

1.0 

0.75 

2 . 5  

0.75 

2 . 0  

2.0 

0.5 

m 

.n 

& 
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Run No. 

3-02 
3-04  
4 -02  
4 -04  
6 -04  
6-06 
9-02  
9-04  

10-02 
10-04 
11-02 
ii-o4 
12-02 
12-04 
14-02 
14-04 
14-06 
15 -02 
15-04 
15-06 
16-02 
16-04 
17-02 
17-04 
17-06 
18-02 
18-04 
18 -06 
19-02 
19-04 
19-06 
20-04  

20-06 

TABLE 3 

SUkUvlARY OF CONDITIONS FOR INDIVIDUAL TEST FIRINGS 

M a c h  N u m b e r  1 .63  

O / F  Hea t  
A l t i t u d e  R a t i o  R a t i o  

42, 500 i. 71 1.05 
42, 400 2.13 i. 04 
45, 500 2.29 0.98 
45, 500 2.37 0.93 
41, 750 2.34 1.03 
41, 750 2 .26  0 . 9 3  
41, 600 1 .72  0 . 8 8  
41, 600 1 .71 1 .01 
41, 500 2 .21  1 .14  
41, 500 2 .23  1 .06  
4 1 , 5 0 0  2 . 4 0  0 .96  
4 1 , 6 0 0  2 .35  0 .95  
41, 600 2 .19  0 . 9 2  
41, 600 2. 19 0 . 9 7  
41, 600 2 .31  0 .56  
41, 750 2 .39  0 . 8 8  
41, 750 2 .47  I.  22 
42, 200 2 .72  O. 58 
42, 200 2 .20  O. 89 
42, 300 2. 18 O. 51 
42, 000 2 .07  O. 86 
42, 200 1 .67  O. 83 
31 ,500  2 .22  O. 73 
31, 500 2 .05  O. 57 
31 ,500  i .  66 O. 75 
42, lO0 2. 15 O. 81 
42, 100 i .  72 O. 75 
42, I00 I.  72 O. 0 
42, 100 2 .07  I.  07 
42, 100 1 .96 I. 15 
42, 200 I .  62 I.  07 
42, 100 2 .32  O. 96 

42, I00 2 .26  O. 94 

Remarks 

Long Duct Structural Bracket 
II t! II II 

ll If 11 11 

II 11 II II 

If II 11 II 

11 f| II 11 

I I  I I  I |  I !  

11 I I  I I  I I  

11 I I  I I  11 

I I  I I  I I  11 

I I  I I  l i  11 

I I  I I  r l  I I  

S h o r t  Duct  
Wl [I 

Long  Duct  AirfoE. B r a c k e t  
S t r e a m l i n e d  Duct  H y d r o g e n  H e a t e r  

I! II  11 11 

I!  II  I! II 

11 r l  II  I! 

11 f l  II II 

II 11 I |  II  

I |  I! I! II 

I!  II I! I! 

I |  11 I! II 

I1 I! 11 I! 

II  !1 I! ~! 

I |  11 II I1 

No H y d r o g e n  
E x h a u s t e r a t o r s  Only 

1! II 

I1 11 

Long  Duct  A i r f o i l  B r a c k e t  I n b o a r d  
E n g i n e  Out 
Long  Duct  A i r f o i l  B r a c k e t  I n b o a r d  
E n g i n e  Out 
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Run No. 

10-02 
11-02 
11-04 
12-02 
13-02 
13-04 
13-06 
13-08 
14-02 
14-04 
14-06 
14-08 

• 15-02 
15-04 
16-02 

TABLE 3 (Concluded) 

Mach N u m b e r  3 .07 

O/F Heat 
Alt i tude  Rat io  Rat io  

75, 000 2 .07 1.16 
75, 000 2.11 1.16 
78, 000 2.11 1.06 
75, 000 2 .14 1.03 
75, 000 1.84 1.04 
75, 000 2.36 0 .99  
70, 000 2.09 1.19 
80, 000 2 .08  1 .27  
75, 000 1.97 1.01 
75, 000 1.98 1.06 
75, 000 2.02 1.01 
75° 000 2 .02 1.08 
75, 000 2.13 0 .99 
75, 000 2.12 1.07 
75, 000 2.14 0 .99  

16-04 75, 000 2.01 0 .96 

R e m a r k s  

Long  Duct A i r fo i l  B r a c k e t  
I !  ! f  1! ! !  

I !  ~1 !1 ! !  

! i  ! !  p! ! |  

1! 11 l i  I I  

!1 1! II  1! 

11 f l  11 I I  

I I  f l  i i  ! !  

Shor t  Duct 
l i  ! |  

S t r e a m l i n e d  Duct 
I I  I !  

Long Duct S t r u c t u r a l  B r a c k e t  
I !  l !  I I  I !  

Long Duct A i r fo i l  B r a c k e t  Inboard  
Eng ine  Out 
Long Duct A i r fo i l  B r a c k e t  Inboa rd  
Engine  Out 
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0 
mind  

N 
9 1 m  

u; 
.~. f , 

¢[ 

/ 

0 j 
0 

i /  
/ 

/ 
/ 

/ 
0 .4  0.8  

DESIGN SA-I 
TRAJECTORY 

1.2 1.6 2 .0  
MACH NUMBER, M 

r 

j /  
/ 

~* ../"~TEST CONDITIONS 

2 .4  2.8 3.2 

Fig. ] Design Trajectory 
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/ 
Oiameter---~ 

J 

4 

Prototype 
Station 167.5 Station 0 

13.92 in. diam 7 

Model 

Station 9. 2 Station 0 

J I ~ ~  Heat Shield 

I I~  Flame Shield I 

n I 
I 

Fig. 2 Comparison of Model External Shroud Contour with Prototype 
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\ 

f 

, /  

a ,  

/ 

/ 

Three-Quarter Left View of Long Duct Configuration 

Fig. 3 Views of the 5.47-Percent Saturn Model 

A ED C 
18014-U 
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"-£1 & 

~" , f  

Scoops - - ~ - ~ : ~  

Short Turbine 
Exhaust Duct 

A E D C 
15591-U 

b. Side View of Short Duct Configuration 

Fig. 3 Continued 
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A E D C - T D R - 6 2 - 9  

Air Scoops 

i 

'; " ~ f  ' z ' 3  

" , 1 ~  ~ Flow . j ! r'~j ,ill 

.,, Deflectors 

Streamlined 
Turbine 
Exhaust Duct A E D C  

1 5 6 9 4 - U  

c. Side View of Streamlined Duct Configuration 

Fig. 3 Continued 
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d. Rear View 

Fig. 3 Concluded 
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Water Inlet 

Water Outlet 

Fuel 
Inlet 

500-1b Thrust Chamber 

Fig, 4 Cutaway View of Model Engine 
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Chamber 
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46.25 in. 

Exhausterator 

~ , ,  U 1~ 
Rocket 
Exhaust 

Exhausterator for Prototype Engines 

~ Hydrogen 

Exhausterator for Model Engines 

Fig. 5 Comparison of Model Exhausterator Design with Prototype 
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r T 0. I i' 
1.156 

14 ° 9 

546 dlam 
438 diom 

1 
AFT END OF SKIIrr 

2 . 7 5 0  

b. Short Duct Configuration 

~///A 

~ 1 . 2 5 0 - - - D  

L_ ~J t- 2.,s6, -I 

0,,156 

t 

0,11 

C. 

J~ LJ 
I -  2, ,750 

Streamlined Duct Configuration 

Fig. 6 Concluded 
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Turbine - - ~  
Exhaust 25o43,~Typ) 
Duct ~IT~.A//~ 

~ R  -.3 " P-3 Q 
e 

P-7 I "~"" Q • NR-70"r'3~--,, z P-4 aT-8 ( 3 ~  
e 

P-6 NR-20 ~ - J  
e 

Po 5 NeC 
Flame S h i e l d ~ ~ Q  NT-6 
(See Fig. 71)) ( ~  O i' Heat 

Shield 
Engine " , ~  
Clearance J~ 

O H°les " ~ . 5  ~ ]'-2 T'3 
HTR-1 T-7 ~ T-10 O O f °Gj Q O T-6 

HTT-1 0 T~ 
O T-5 

0 Calorimeter 
• Pressure Tap 

• Radiation Calorimeter (NASA) 
• Convective Calorimeter (NASA) 

a. Heat Shield 

J'l j---COPPER SLUG CALORIMETERS 
,250 in. SPACING 

FLAME S H I ~ L D ~  / ~ I 
PRESSURE ~--/ U 

I 

b. Flame Shield 

Fig. 7 Location of Heat and Flame Shield Instrumentation 
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Copper Heat Shield ~ 
Fibrous Asbestos I nsulation---~ 

Steel Backing Plate-~ 
/ -  Flame ,,'Surface 

. - ,  , .  
I 
;i ...- m~ 

. . . - .  

" 1 
- . ~ ; . "  

ChromeI-Alu~~l ~ 
Ther mocouple Wire -" ~ Copperslug 

All Dimensions in Inches Ceramic 
---= .06,= .38 = B ~ -  Cement 

Calorimeter Slug Dimensions 
Heat Shield Flame Shield 

A (diam) O. 4375 O. 250 
B 0.065 O. 104 

Nominal Weight 
of Slugs, gm 1.397 1.290 

Fig. 8 Details of Heat and Flame Shield Calorimeters 
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Fig. 12 Heat Transfer Rate Variation with Temperature for a Flame Shield Calorimeter (Typical) 
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1 6 0  

w 

,~ 140  I I[ DATA SPREAD i 

', I I , ( Inboard N 

~.~=120 

I ~  ' '___~, ! I I , , 
. - - \ '  ~ I I FLA.E S.iELO 

; r Ii ! ! ! 
8 0  I I ~ /  AT MOO • 3 . 0 7  

: I ~  / /~--__ AVERAGE OF 5 FIRINGS 

,,=, <,~ I I J ~ .  J 

-1"-<< V' \: 6O 

I -  4 0  :~ i 
,,,"< , 'L,{,'v,=..~,= 'o.- ' .-,.,.os 

i 

2 0  

O~ 

' One Inboard- AT Moo = 1 .63  
=_~Engine Out, ] I I 
' M = 1.63 ' I One Inboard Engine 

' ( D e s i g n a t e d  b y  x i n -  
I l l u s t r a t i o n  A b o v e  

I I I I I I 

I 2 5 4 

F L A M E  S H I E L D  C A L O R I M E T E R  

Fig. 13 Heat Transfer  Var iat ion with Flame Shield Calor imeter Locat ion 
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